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Using density functional theory, we investigate systematically mixed MA (Pb : Sn)X3 perovskites,
where MA is CH3NH
+
3 , and X is Cl, Br or I. Ab initio calculations of the orthorhombic, tetragonal
and cubic perovskite phases show that the substitution of lead by tin has a much weaker influence
on both structure and cohesive energies than the substitution of the halogen. The thermodynamic
stability of the MA (Pb : Sn)X3 mixtures at finite, non-zero temperatures is studied within the
Regular Solution Model. We predict that it will be possible to create MA (Pb : Sn)I3 mixtures at
any temperature. Our results imply that mixing is unlikely for the low-temperature phase of bromide
and chloride compounds, where instead local clusters are more likely to form. We further predict
that in the high-temperature cubic phase, Pb and Sn compounds will mix for both MA (Pb : Sn)Br3
and MA (Pb : Sn)Cl3 due to the entropy contribution to the Helmholtz free energy.
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I. INTRODUCTION
Solar cells based on hybrid organic-inorganic per-
ovskites as light absorbers have recently received an
enormous interest due to their potential to be manu-
factured much cheaper than monocrystalline silicon cells
using, e.g., wet chemistry and spin coating [1–4]. In
this context, the term ”hybrid organic-inorganic per-
ovskites” refers to a broad class of metal halides that
can be described with the general chemical formula
ABX3, where A is an organic cation, such as (but
not limited to) methylammonium (CH3NH
+
3 , MA)[5–
7], ethylammonium (CH3CH2NH
+
3 , EA)[8, 9], for-
mamidinium (HC(NH2)
+
2 , FA)[10–12] or guanidinium
(CH6N
+
3 , GA)[13, 14], B is a metal cation (usually lead),
and X is a halide anion. The metal cations are coordina-
tion centers of BX6 octahedra. We focus on compounds,
which build a corner-connected three-dimensional net-
work. The organic cations A are located in the cub-
octahedral cavities between the BX6 octahedra. There-
fore, their size is limited to fit the cavity without major
distortions of the octahedral network. Since the stabil-
ity of the organic-inorganic superlattice strongly depends
on the size of A, the relatively small MA-cation is one
of the most commonly used organic compounds. Lead-
based perovskite solar cells with MA as organic cation
reach electrical power conversion efficiencies (PCE) of
16%[15–17], and in the most recently published reports
the PCE reaches 18% for mesoporous MAPbI3.[18] In
the case of FAPbI3-based solar cells, the achieved max-
imum PCE is greater than 20%.[19] However, in view of
the potential toxicity of lead, substitution of lead with
another group 14 metal, e.g., tin, seems desirable. The
search for optimized photoelectric properties initiated a
lot of experimental and theoretical research on mixed-
halide structures,[3, 4, 20–22] or structures with mixed
organic cations.[12, 23] The highest reported efficiencies
at the moment are found for combinations of various
organohalide perovskites, such as FAPbI3 mixed with
MAPbBr3 with the impressive PCE of 20.1%.[24] Much
less is known about the effects of incomplete substitution
of lead by other metals. The reason is most likely that
researchers either prefer to stick with the very successful
MAPbI3[25] or wish to get rid of Pb altogether.[26–28]
Only recently, the mixed MASnxPb1−xI3 was reported
to have a spectrally extended absorption compared to
the non-mixed lead-halide perovskites, shifting the ab-
sorption onset down to the near infrared.[29–31] Further-
more, effective-mass tuning for improved transport prop-
erties was suggested for mixed Pb:Sn iodide compounds
in the cubic phase.[32] We think that mixtures with re-
spect to the metal component deserves to be studied in
more detail. A better understanding of the whole class
of hybrid organohalide perovskites may in the end even
lead to Pb-free high-performance cells.
In this paper, we provide a systematic ab-initio investi-
gation of MABX3 perovskites, where B is Sn
2+, Pb2+ or
various mixtures thereof, and X is I−, Br− or Cl−. The
starting point is the discussion of general structural and
energetic properties of the non-mixed structures in three
phases (orthorhombic, tetragonal, and cubic, known from
MAPbI3 at different temperatures) depending on their
chemical composition. We then introduce a variety of
mixed Sn-Pb structures, which differ not only by the to-
tal Sn:Pb-ratio but also by the arrangement of the metal
atoms in the unit cell. Based on the calculated cohe-
sive energies of these mixed compounds, we employ the
Regular Solution Model in order to investigate their ther-
modynamic stability. Details are described in the next
section.
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2II. METHODOLOGY
We used density functional theory (DFT) to calculate
the energy for several atomic structures, as described in
the first subsection below. However, DFT alone does not
account for entropy contributions, which are relevant for
finite temperature predictions. Therefore, a thermody-
namic model is needed, which is described in the second
subsection.
A. Electronic structure and geometry optimization
To optimize crystal structures and calculate binding
energies, we performed ab initio DFT calculations using
the Vienna Ab initio Simulation Package (VASP).[33, 34]
Projector-augmented wave (PAW)[35, 36] adapted pseu-
dopotentials were used. For Pb and Sn atoms, the d
semi-core states were treated explicitly as valence states
with an extended version of PAW potentials. The gen-
eralized gradient approximation (GGA) parametrized by
Perdew-Burke-Ernzerhof (PBE)[37] was employed for the
evaluation of the exchange-correlation functional. The
Brillouin zone was sampled with Γ-centered k -point grids
of 5×5×3, 5×5×3, and 5×5×5 for the orthorhombic,
tetragonal, and cubic unit cells, respectively. The min-
imal cutoff energy was set to 500 eV for both the ge-
ometry optimization calculations and the self-consistent
energy calculations. The convergence threshold for self-
consistent-field iteration was set to 10−4 eV. As a start-
ing point for the geometry optimization, we used ex-
perimentally obtained data from powder X-ray diffrac-
tion (PXRD) measurements of MAPbI3 carried out by
Stoumpos et al.[11] for the tetragonal phase, and Baikie
et al.[5] for the orthorhombic and cubic phases (with ad-
ditional theoretical results by Giorgi et al.).[6]
B. Thermodynamic model
The thermodynamic stability of alloys can often be un-
derstood in terms of nearest-neighbor two-particle inter-
actions only, especially if the substitution compounds are
chemically similar. To gain some insight into the ther-
modynamic stability of mixed Pb:Sn perovskites, we de-
scribe every BX6 octahedron as one unit placed on a
three-dimensional lattice, which interacts only with its
Z = 6 nearest-neighbor octahedra. Small distance vari-
ations in bond length, which occur in structures for or-
thorhombic and tetragonal phase due to unequal primi-
tive vector lengths can be neglected. To be specific, we
start with the cohesive energies E of various mixed struc-
tures obtained from the self-consistent DFT calculations
and describe them as a linear combination of the bind-
ing energies EPbPb, EPbSn and ESnSn between PbX6 and
SnX6 octahedra. Thus, we write
E =
1
2
(NPbPb EPbPb +NPbSn EPbSn +NSnSn ESnSn) ,
(1)
where NPbPb, NPbSn, NSnSn denote the number of bonds
between the corresponding components and the factor
1/2 has been added to avoid double-counting of the
bonds. A simple bond-counting argument shows that
the number of PbX6 octahedra is NPb = NPbPb/6 +
NPbSn/12 and we define the fractions nPb(Sn) =
NPb(Sn)/N with respect to the total number N of oc-
tahedra in the system. Note that nPb + nSn = 1.
Equation (1) is the starting point for the Regular Solu-
tion Model (RSM).[38] Its key quantity is the free energy
of mixing FM = UM − TSM , which is defined as the
difference in the Helmholtz free energy between a non-
mixed system (NPbSn = 0), and a stochastically inter-
mixed ensemble (each octahedron is filled with Pb with
probability nPb). The internal energy of mixing U
M is
the stochastic average of the difference in cohesive energy
over N octahedra and takes the form
UM (nPb) = N nPb(1− nPb) 6 ε .
The parameter
ε = EPbSn − EPbPb + ESnSn
2
(2)
determines whether energy is gained or released during
the formation of two heterogeneous PbX6−SnX6 bonds
by means of breaking homogeneous PbX6 − PbX6 and
SnX6 − SnX6 bonds. Within the RSM, the entropy of
mixing SM depends solely on the number of possible con-
figurations and thus on nPb via the following expression:
SM (nPb) = N kB [nPb ln(nPb) + (1− nPb) ln(1− nPb)] ,
(3)
where kB is the Boltzmann constant.
A mixed state is called ideal if ε = 0 and regular oth-
erwise. In the case of a regular solution, there are two
possible scenarios. If the mixing parameter ε is negative,
the heterogeneous bond is always energetically favorable
and thus mixing of the components is preferred at any
temperature. The more interesting case where the mix-
ing parameter ε is positive, requires a closer examination.
In this case, the miscibility of the components depends
on the interplay between the internal energy of mixing
UM , which favors the formation of clusters of only one
kind of octahedra and thus phase separation, and the
temperature-dependent entropic term, −TSM , which fa-
vors mixing.
At low temperatures, the UM term prevails and the
system separates into two phases at all ratios nPb.
With increasing temperature, the entropic term causes
a change in the shape of the FM (nPb) curve, which leads
to the reduction of the so-called mixing gap. At a the
upper critical solution temperature TUCS , this gap closes
and the system experiences no phase separation anymore.
3Within the RSM, the value of TUCS can be calculated
from the condition 0 = ∂F
M
∂nPb
∣∣∣
T=TUCS
as:
TUCS =
6 ε (2nPb − 1)
kB [ln(nPb)− ln(1− nPb)] , (4)
with a maximum TUCS = 3ε/kB at nPb = 0.5. Ex-
perimental deviations from this universal result are ob-
served, e.g., for polymer mixtures, where the building
blocks are of different volume and geometry. Such sys-
tems are better described by the Flory-Huggins solution
model,[39, 40] which is an extension of the RSM.
Note that we do not include the entropic contribution
stemming from the different orientations of the organ-
ics. This contribution is key for understanding the phase
transition between, e.g., the tetragonal and the cubic
phase. However, it can be neglected for the question
of mixing within one phase, because such entropic terms
cancel out in equation (3).
III. GEOMETRY OF OPTIMIZED
STRUCTURES
In this section, we analyze the optimized structures
of hybrid metal-organic halide perovskites MA (Pb :
Sn)X3. First, we discuss the geometry of the non-mixed
structures containing solely either Pb or Sn. In partic-
ular, we compare the octahedral distortions in the three
phases and among different compositions and provide for
a possible explanation within the framework of the or-
bital energy matching model.[41] We then discuss the
mixed systems, i.e., those with both Pb and Sn as metal
cations. Understanding the geometry of the mixed sys-
tems will be the basis for the thermodynamic considera-
tions in section IV.
A. Comparison of non-mixed hybrid perovskites
For all investigated hybrid metal-organic perovskites,
the lowest energy configuration forms an orthorhombic
Bravais lattice, i.e., the lattice vectors differ in length
(a 6= b 6= c), but are orthogonal. Concordantly, it is
the preferred structure at low temperatures. However,
we also investigated the tetragonal (a = b 6= c) and cu-
bic (a = b = c) phases, which have been observed in
experiments at higher temperatures.[42] For the proto-
typical MAPbI3, the transition temperatures are 162 K
(−111 ◦C) and 327 K (54 ◦C). The geometry of all three
phases is illustrated for a particular example in Figure
1. Note that in all cases the PbI3 octahedra are corner-
connected, i.e., each Pb cation has exactly six I anions
as nearest neighbors and each I anion is connected to
two Pb cations. In the tetragonal phase, alternating oc-
tahedra along the c axis are rotated within the a-b-plane
by an angle of approximately 22.5◦. In the orthorhom-
bic phase, the optimal (lowest energy) orientation of the
FIG. 1: Comparison of (a) orthorhombic, (b) tetragonal and
(c) cubic perovskite phases obtained from structural optimiza-
tion for the case ofMAPbI3. Top row: a-c-plane, bottom row:
a-b-plane.
organics is predetermined by the nearly cuboctahedral
cavities between the PbI6 octahedra and any rotation of
the MA cations is geometrically hindered. As a conse-
quence, the equilibrium volume of the cubic unit cell of
MAPbI3 is 5% larger than the orthorhombic cell. The
cubic symmetry allows at least three different equiva-
lent orientations (due to the three dimensions). Conse-
quently, rotation of MA is more likely in the cubic phase.
We found an upper limit for the rotational barrier for MA
of approximately 60 meV using minimal-energy-chain-of-
states calculations. Even though the finite temperature
dynamics of the organics in cubic MAPbI3 is an inter-
esting research topic of its own,[43] in this paper we will
only consider the lowest energy configuration in the cu-
bic phase, where all organic groups are aligned parallelly
(shown in Figure 1c). Some details of the calculations
are worthwhile to be noted explicitly: The unit cells of
the orthorhombic and tetragonal phases contain 4 for-
mula units of MAPbI3 each. While the rotation of the
octahedra is fixed in the orthorhombic and tetragonal
phases, it is necessary to use an even number of primi-
tive cells in the cubic supercell in each space direction to
allow for possible alternating rotations of the octahedra.
Thus, for the cubic phase, we used a larger supercell of
2×2×2 primitive cells, thus containing 8 formula units.
While the octahedra deform during relaxation (as dis-
cussed below), we do not find any alternating rotations of
the octahedra in the cubic phase. For the orthorhombic
phase, we allowed a full relaxation of both ion positions
and lattice vectors (including volume). In the tetragonal
and cubic phases, we found the optimal volume by a fit to
the Murnaghan equation of state[44], where we preserved
the tetragonal symmetry of the unit cell by keeping the
c/a-ratio at the experimentally obtained value of 1.429
[11].
The structural parameters calculated for both mixed
and non-mixed structures are listed in Table I. Already
4orthorhombic tetragonal cubic
compound a[A˚] b[A˚] c[A˚] a[A˚] c[A˚] a[A˚]
MAPbI3 9.18 8.65 12.87 9.06 12.94 6.45
MASn0.25Pb0.75I3 9.08 8.66 12.85 9.03 12.90 6.43
MASn0.5Pb0.5I3[c] 9.05 8.64 12.79 9.03 12.90 6.44
MASn0.5Pb0.5I3[d] 9.18 8.58 12.78 9.01 12.87 6.43
MASn0.5Pb0.5I3[l] 9.16 8.63 12.79 9.04 12.91 6.42
MASn0.75Pb0.25I3 9.04 8.61 12.73 9.00 12.85 6.41
MASnI3 9.02 8.64 12.66 8.84 12.54 6.40
MAPbBr3 8.74 8.11 12.10 8.54 12.21 6.04
MASn0.25Pb0.75Br3 8.64 8.12 12.05 8.52 12.17 6.04
MASn0.5Pb0.5Br3[c] 8.62 8.09 12.06 8.52 12.17 6.04
MASn0.5Pb0.5Br3[d] 8.72 8.09 12.01 8.50 12.14 6.04
MASn0.5Pb0.5Br3[l] 8.65 8.08 12.09 8.52 12.18 6.04
MASn0.75Pb0.25Br3 8.67 8.12 12.00 8.49 12.12 6.04
MASnBr3 8.91 8.11 12.04 8.34 11.83 6.04
MAPbCl3 8.47 7.62 11.58 8.23 11.76 5.76
MASn0.25Pb0.75Cl3 8.35 7.76 11.53 8.21 11.73 5.76
MASn0.5Pb0.5Cl3[c] 8.30 7.69 11.64 8.21 11.73 5.76
MASn0.5Pb0.5Cl3[d] 8.37 7.74 11.50 8.19 11.70 5.76
MASn0.5Pb0.5Cl3[l] 8.43 7.72 11.47 8.21 11.74 5.76
MASn0.75Pb0.25Cl3 8.45 7.79 11.58 8.18 11.68 5.76
MASnCl3 8.74 7.93 11.77 8.04 11.40 5.76
TABLE I: Calculated crystallographic data of mixed Pb:Sn hybrid perovskites in the orthorhombic (a 6= b 6= c), tetragonal
(a = b 6= c) and cubic (a = b = c) phases. The suffixes [c], [d] and [l] refer to the chain, diagonal and layered structures,
respectively (see Figure 3 below). Note that the volume per formula is V0 = a
3 for the cubic cells, but V0 = a b c/4 and
V0 = a
2 c/4 for the orthorhombic and tetragonal cells, respectively.
for the non-mixed structures, we see that the substitu-
tion of the halogen has a much stronger influence on
the crystallographic data than the substitution of the
metal cation. To give an example, the lattice parameter
c in the orthorhombic phase changes only from 12.87 A˚
for MAPbI3 to 12.66 A˚ for MASnI3, while already the
bromide-containing structure MAPbBr3 has a value for
c = 12.10 A˚ well below both iodide compounds. The
value for c in the chloride structure is even lower. Ta-
ble I shows that this holds for each of the investigated
MABX3 structures.
In summary, the volume of the unit cell is the largest in
the (high-temperature) cubic phase and the smallest in
the (low-temperature) orthorhombic phase and decreases
upon increasing electronegativity of the substituted halo-
gen within each phase.
B. Octahedral distortions and tilt angles
While PbI6 octahedra keep their regular shape after
geometry relaxation, we noticed that they become more
deformed in other BX6 compositions. In order to quan-
tify this observation and investigate the influence of the
halogen, we calculate the mean volume of the irregular
octahedra, V, and a ratio ξ describing the deformation
of the BX6 octahedra. The latter is defined in terms of
the shortest (dB−Xmin ) and the longest (d
B−X
max ) B-X bond
lengths as
ξ :=
dB−Xmax
dB−Xmin
− 1 . (5)
If the octahedron is symmetric and thus all bond length
are equal, then ξ = 0. If the octahedron is deformed or
if the central metal atom is displaced off the center, then
ξ > 0. Furthermore, we calculate two tilt angles, φ and θ,
corresponding to the in-plane and the axial angles of the
X-B-X bonds, respectively. A graphical representation
of the tilt angles can be found in Figure 2, which also
shows the extreme cases of octahedral distortion found
in the orthorhombic phase. While the PbI3 octahedra
(top row) show only minimal distortions and maintain
a regular shape, the SnCl3 octahedra (bottom row) are
highly distorted.
In Table II, we summarize θ, φ, ξ and V for all in-
vestigated MABX3 structures. The tilt angles θ and φ
strongly depend on whether the system is orthorhombic,
tetragonal or cubic, but show smaller variance for dif-
ferent compositions in the same phase. Note that even
in the cubic phase, θ and φ deviate from 180◦, which is
already visible in Figure 1(c) and can be attributed to ef-
fects like the interaction of the octahedra with the dipole
5FIG. 2: Tilt angles for octahedral distortions. Top row:
MAPbI3. Bottom row: MASnCl3. Note that the Pb ion
is positioned approximately at the center of the PbI3 octahe-
dra, whereas the SnCl3 octahedra are strongly deformed and
Sn is placed eccentrically.
moment of the MA cation and the sterically hindered
rotation of the octahedra[43, 45, 46].
The mean volume of the octahedra V, on the other
hand, shows a strong dependence on the halogen, but
depends only weakly on the type of the Bravais lattice.
Note that the octahedra always fill between 16.5% (cubic
MAPbI33) and 18.2% (orthorhombic MASnCl3) of the
unit cell. In the iodide structures, the PbI6 octahedra
have larger V than the SnI6 octahedra in all phases.
Such a general statement can not be made in the case
of bromide and chloride containing structures: In the
orthorhombic phase, the tin bromide and tin chloride oc-
tahedra are larger than their lead counterparts; while in
the tetragonal phase, the lead bromide and lead chloride
octahedra are larger. Comparing V for the same compo-
sition along different phases, we see that V is maximal
in the tetragonal phase for Pb-centered octahedra, but
minimal for Sn-centered ones.
In all phases, the deformation parameter ξ is much
larger for Sn-derived structures than for their Pb coun-
terparts. Among them, SnCl3 (in the low-temperature
phases) exhibits the strongest deformations. This can be
attributed to the high electronegativity of the ligand and
can be explained within the framework of the “orbital
energy matching” model.[41] It is based on the Linear
Combination of Atomic Orbitals approximation (LCAO).
According to this model, the formation of a strong bond
between the orbital of the metal cation (tin) and the halo-
gen np orbital occurs when the orbitals are of compatible
FIG. 3: Mixed orthorhombic Pb:Sn perovskite structures with
the following ratios and composition: (a) 3:1, (b) 1:1 and
“layer”, (c) 1:1 and “chain”, (d) 1:1 and “diagonal”. Dark
octahedra are Pb-centered, light octahedra are Sn-centered.
symmetry and similar energy. To match the energy of a
np halogen p-valence orbital, the percentage of 5s and 5p
atomic tin orbitals is changed during the hybridization.
For tin iodide structures, the percentage of the p orbital
in the bonding hybrid tin orbital is maximal, since the 5p
orbital of iodine has the highest cohesive energy among
the discussed halogens. Because of the orthogonality re-
quirement, the non-bonding hybrid orbital containing the
lone pair has mainly s-character and low spatial direc-
tionality. With the decreasing cohesive energy of the np
orbital of the halogen, the non-bonding hybrid orbital
of tin obtains stronger p character, which makes it spa-
tially directed and more stereochemically active. Thus,
the octahedral distortions caused by the stereochemically
active lone pair on tin increases upon the increase of the
electro-negativity of the involved halogen. Apparently,
our plane-wave DFT results confirm this simple LCAO-
based argument.
C. Properties of mixed Sn:Pb hybrid perovskites
To investigate mixed Pb:Sn hybrid perovskites, we cal-
culated cohesive energies and optimal geometries of five
different unit cells as shown in Figure 3. While the ge-
ometry will be discussed in this section, results based on
6orthorhombic tetragonal cubic
θ[◦] φ[◦] V[A˚3] ξ θ[◦] φ[◦] V[A˚3] ξ θ[◦] φ[◦] V[A˚3] ξ
MAPbI3 161 148 42.22 3% 174 157 46.06 2% 172 168 44.17 8%
MASnI3 164 150 43.93 9% 176 162 41.87 2% 173 167 43.71 16%
MAPbBr3 159 153 38.28 2% 173 159 38.93 4% 173 168 36.73 7%
MASnBr3 162 146 38.86 26% 176 163 34.97 9% 172 168 36.73 22%
MAPbCl3 159 155 33.21 3% 173 165 33.47 6% 172 168 31.91 4%
MASnCl3 162 143 37.10 42% 173 159 31.23 21% 172 168 31.91 24%
TABLE II: Calculated data for octahedra in different phases and with different compositions. V denotes the mean octahedral
volume. For the definition of tilt angles θ and φ, see Figure 2. The deformation ratio ξ is defined in equation (5).
the energy value are given in the next section. Figure
3(a) shows a structure with a Pb:Sn-ratio of 3:1, corre-
sponding to the formula MASn0.25Pb0.75X3. Similarly,
one can construct a cell with a ratio of 1:3 (not shown),
corresponding to the formula MASn0.75Pb0.25X3. For
the 1:1 ratio (MASn0.5Pb0.5X3), we considered three
different structures that we call “layer”, “chain” and
“diagonal” as depicted in Figure 3 (b), (c) and (d), re-
spectively. The “chains” are formed by corner-connected
octahedra of the same kind along the longest axis (c),
whereas the “layered” structure consists of alternating
layers of Pb and Sn centered octahedra, perpendicular
to the longest axis. This also coincides with the different
orientation of the MA relative to the chains and layers,
respectively. In the “diagonal” structure, shown in Fig-
ure 3(d), all bonds between next nearest octahedra have
different metal cations, analogous to a three dimensional
checkerboard. The octahedra coordination numbers of
all considered structures are listed in Table III.
The structures shown in Figure 3 have been completely
relaxed. It is worthwhile to note two details. First,
the organic MA molecules change their orientations only
slightly and approximately maintain their center posi-
tion. We conclude that the organic is only weakly in-
fluenced by the change of the metal cation. Second, the
octahedra of consecutive layers are slightly tilted out of a-
b-plane in opposite directions in all 1:1 structures, which
can be seen, e.g., from the positions of the left-most io-
dide ions in Figure 3.
After relaxing the non-mixed Pb and Sn structures in
the cubic phase, we found that the equilibrium lattice
constant for chloride structures was a = 5.763 A˚ for both
MAPbCl3 and MASnCl3. Likewise for bromide struc-
tures, we found a = 6.040 A˚ for both MAPbBr3 and
MASnBr3 within the accuracy for three decimal dig-
its. Therefore, we did no further volume optimization
for the mixed cubic chloride and bromide structures and
only relaxed the atomic positions. For the iodide struc-
tures, however, we found an equilibrium lattice constant
of 6.40 A˚ and 6.45 A˚ in case of MASnI3 and MAPbI3,
respectively. Thus, we relaxed all mixed cubic iodide
structures with respect to both the volume and the inter-
nal degrees of freedom. In all other cases, we performed
a full relaxation as described in section III A. The struc-
tural results for all phases are summarized in Table I.
Generally, the lattice parameters a, b and c of the
mixed Pb:Sn structures lie between the non-mixed refer-
ence structures. Similar to the non-mixed structures, the
halogen have stronger influence on the crystallographic
data than the substitution of metal ions: Within each
of the three phases (orthorhombic, tetragonal, cubic), all
lattice parameters a, b and c of the mixed Pb:Sn struc-
tures lie in non-overlapping intervals for the iodide, bro-
mide and chloride compounds, respectively. Overall, the
cubic phase shows the smallest relative difference in the
crystallographic data.
The tilt angles φ and θ of all mixed structures tend
to take the average of the non-mixed ones for all octahe-
dra. This can be easily explained by the fact that their
rotation is sterically hindered by neighboring octahedra.
Analyzing the distribution of V and ξ of the octahedra
in mixed systems, we find that the individual octahedra
maintain their non-mixed characteristics with only small
variance. Thus, it is a good approximation to think of
the PbX6 and SnX6 as rigid building blocks of the mixed
Pb:Sn structures.
compound NPbPb NPbSn NSnSn
MAPbX3 6 0 0
MASn0.25Pb0.75X3 3 3 0
MASn0.5Pb0.5X3 [c] 1 4 1
MASn0.5Pb0.5X3 [d] 0 6 0
MASn0.5Pb0.5X3 [l] 2 2 2
MASn0.75Pb0.25X3 0 3 3
MASnX3 0 0 6
TABLE III: Octahedra coordination numbers N , common to
all three phases. The suffixes [c], [d] and [l] correspond to the
chain, diagonal and layered structure, respectively (see Figure
3). The mole-fraction x in formula MASn1−xPbxX3 can be
calculated from x = NPbPb/6 +NPbSn/12.
7compound X=I X=Br X=Cl
MAPbX3 -50.9020 -52.7227 -54.3526
MASn0.25Pb0.75X3 -50.8675 -52.6618 -54.2971
MASn0.5Pb0.5X3 [c] -50.8376 -52.6278 -54.2633
MASn0.5Pb0.5X3 [d] -50.8512 -52.6397 -54.2754
MASn0.5Pb0.5X3 [l] -50.8500 -52.6558 -54.2806
MASn0.75Pb0.25X3 -50.8136 -52.6035 -54.2497
MASnX3 -50.7635 -52.6062 -54.2714
TABLE IV: Cohesive energies E per formula unit in eV for
the orthorhombic phase calculated using DFT. The unit cell
used for calculation and shown in Figure 3 contains 4 formula
units.
compound X=I X=Br X=Cl
MAPbX3 -50.8766 -52.6578 -54.2931
MASn0.25Pb0.75X3 -50.8457 -52.6239 -54.2643
MASn0.5Pb0.5X3 [c] -50.8197 -52.5998 -54.2370
MASn0.5Pb0.5X3 [d] -50.8300 -52.6010 -54.2295
MASn0.5Pb0.5X3 [l] -50.8348 -52.6107 -54.2553
MASn0.75Pb0.25X3 -50.8002 -52.5748 -54.1986
MASnX3 -50.7627 -52.5216 -54.1783
TABLE V: Cohesive energies E per formula unit in eV for the
tetragonal phase calculated using DFT. The unit cell used for
calculation contains 4 formula units.
IV. ENERGY AND THERMODYNAMICS
A. Cohesive energy results
The cohesive energies of all 63 investigated structures
obtained from self-consistent DFT calculations are pre-
sented in Tables IV-VI. Since the unit cells of compounds
in different phases have different symmetry and contain
different number of BX6 octahedra, the total binding en-
ergy of each unit cell was normalized to the energy value
per formula unit, which contains one BX6 octahedron
and one MA cation. We now analyze the energy values
with respect to three parameters: the substituted halo-
gen, the crystal symmetry of each compound, and the
Sn:Pb ratio.
compound X=I X=Br X=Cl
MAPbX3 -50.8627 -52.7020 -54.3528
MASn0.25Pb0.75X3 -50.8637 -52.6696 -54.3129
MASn0.5Pb0.5X3 [c] -50.8446 -52.6416 -54.2804
MASn0.5Pb0.5X3 [d] -50.8398 -52.6340 -54.2660
MASn0.5Pb0.5X3 [l] -50.8395 -52.6344 -54.2717
MASn0.75Pb0.25X3 -50.8215 -52.6066 -54.2423
MASnX3 -50.7913 -52.5742 -54.2117
TABLE VI: Cohesive energies E per formula unit in eV for
the cubic phase calculated using DFT. The unit cell used for
calculation contains 8 formula units.
Comparing structures with different halogens, we can
see that the cohesive energies of iodide containing struc-
tures lie in the range of −50.90 eV and −50.76 eV,
whereas the bromide structures lie in the range of
−52.72 eV and −52.52 eV, and the chloride structures lie
in the range of −54.35 eV and −54.18 eV.
There is no overlap between the energy ranges of struc-
tures with different halogens, and the energy shifts within
each halogen group are relatively small (∼ 0.2 eV) in
comparison to those of the structures with different halo-
gens (∼ 1.5 eV). Thus, the substitution of a halogen
has the biggest influence on the cohesive energy of a
structure, and the stability increases with increasing elec-
tronegativity of the halogen.
The low-temperature orthorhombic phase of all com-
pounds has the lowest cohesive energy, as expected. How-
ever, for all bromide and chloride containing components,
not the cubic, but the tetragonal phase with the experi-
mentally obtained c/a-ratio[11] has the highest cohesive
energy. Since in our systematic investigation we have
used a defined set of phases that have yet been experi-
mentally confirmed only for the MAPbI3 compound, this
result questions the stability of the bromide and chloride
containing structures in this particular tetragonal phase.
A possible explanation for this behavior could be octa-
hedra deformations caused by the mechanism discussed
in section III B. For instance, the strong dependence of
the crystal symmetry on the substituted halogen can be
shown by the example of non-mixed MASnCl3, which
exhibits a different phase transition process according to
PXRD experiments.[5]
With the variation of the Sn:Pb ratio, the cohesive
energy for each halogen group increases upon the grad-
ual substitution of Pb with Sn, i.e., the non-mixed lead-
containing compounds are the most stable and the tin-
containing compounds the least stable among the Sn:Pb
mixtures. It is worth noticing that the increase of the en-
ergy value is not linear with respect to nPb, which implies
a regular solution with ε 6= 0.
One could very naively estimate the cohesive energy
of a system based on the number of components of each
type as
E0 = NPb µPb +NSn µSn (6)
with the chemical potentials µPb and µSn. This formula,
however, does not differentiate between different arrange-
ments of the same Sn : Pb ratio, because such a simplified
model only considers the numbers of atomsNPb andNSn.
For example, the chain, layer and diagonal arrangements
all have 1:1 ratio and would therefore, according to equa-
tion (6), yield the same cohesive energy. The Regular So-
lution Model (RSM, section II B) based on equation (1),
however, explicitly accounts for the number of bonds of
each type. Therefore, it allows us to make predictions for
different arrangements of BX6 octahedra. To calculate
the binding energies EPbPb, ESnSn and EPbSn in formula
(1), we used the non-mixed MAPbX3, MASnX3, and
the diagonal MASn0.5Pb0.5X3 structures, respectively,
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FIG. 4: Comparison of the cohesive energies E per formula
unit between the Regular Solution Model (solid lines) and
DFT results (symbols) for the cubic phase of iodide MA (Pb :
Sn)I3 (top row, N), bromide MA (Pb : Sn)Br3 (middle row,
•) and chloride MA (Pb : Sn)Cl3 (bottom row, ×).
since all of them contain only one type of bonds (see Ta-
ble III). Using equation (2), these three binding energies
are condensed into the single parameter, ε. The power
of the RSM now lies in the ability to extrapolate to the
cohesive energies of structures that were not used to cal-
culate ε. This allows us, for instance, to estimate the
cohesive energies of the chain and layer arrangements, as
well as the MASn0.25Pb0.75X3 and MASn0.75Pb0.25X3
structures for each phase and each halogen. We will qual-
itatively and quantitatively compare these results to the
cohesive energies directly obtained from DFT calcula-
tions and show that, a posteriori, the RSM provides a
very good description.
In the orthorhombic phase, equation (1) predicts that
the layered structure is the most stable for ε > 0 (bro-
mide and chloride) and the diagonal structure is more
stable than chain and layer for ε < 0 (iodide). This
agrees with all the cohesive energies obtained from DFT
calculations listed in Table IV. In the tetragonal phase,
the chain structure is, according to equation (1), more
stable than the diagonal reference structure in the case
of ε > 0 (chloride), and less stable for ε < 0 (bromide
and iodide), again in agreement with our DFT calcula-
tions (listed in Table V). In the cubic phase, equation (1)
predicts that the layered structure has a lower cohesive
energy then the diagonal reference structure for ε > 0
(chloride and bromide) and a higher cohesive energy for
ε < 0 (iodide), in agreement with our DFT calculations
(Table VI), too.
We will now focus on the high-temperature cubic
phase, which we consider to be most relevant for practi-
cal applications. In Figure 4, we plot the obtained values
from both DFT and RSM. The root-mean-square devi-
ation between them is only 1.4 meV and 2.2 meV for
the bromide and chloride containing structures, respec-
tively. The deviation is higher for the iodide compounds,
but since all DFT data points lie on or below the RSM
curve in this case, the mixed structures are even more
energetically favorable than predicted by the RSM with
ε = −2.9 meV < 0.
B. Thermodynamic results
The above mentioned parameter ε also plays an im-
portant role in estimating the critical mixing temper-
atures TUCS , which were obtained for each particular
phase according to the formula (4). They are sum-
marized in Table VII. To estimate whether the mixed
structures containing a particular halogen actually exist,
it is necessary to compare the critical mixing tempera-
tures TUCS with the structural phase transition temper-
atures. Mixing will only occur if the critical tempera-
ture TUCS is lower than the transition temperature of
that phase. The transition temperatures are known from
experiments[42, 47, 48] for non-mixed MAPbX3 for the
orthorhombic to tetragonal (tetragonal to cubic) phase
transition: they are 162K (328K) for MAPbI3, 146K
(236K) for MAPbBr3 and 172K (178K) for MAPbCl3.
The different experiments agree within ±2 K and the
numbers given above are averaged over the values in
the cited references. For MASnI3, phase transitions are
found at 111K (275K)[49]. MASnBr3 is known to be
in cubic phase at room temperature[50] and calorimet-
ric measurements[51] show a transition at 229K to an
experimentally unidentified (possibly tetragonal) phase.
Experiments done by Baikie et al.[5] show that the non-
mixed MASnCl3 is in the cubic phase above 463 K. Be-
low that temperature, several phases with different Bra-
vais lattices (tricline, monocline and trigonal) are ob-
served. In our calculations, we indeed find a triclinic
structure after a full relaxation, however, with only tiny
deviations (<1◦) from the orthorhombic structure.
For the iodide group, ε has a negative value in all
phases, which means that the mixing will occur even at
low temperatures.
In the case of the bromide-containing structures, only
the tetragonal phases mix at all temperatures. Bromide
containing structures in the cubic phase form properly
mixed arrangements only above a certain temperature,
estimated by us at TUCS = 54 K. Since TUCS is no-
ticeably below the corresponding phase transition tem-
peratures of 236K and 229K for non-mixed lead and tin
compounds, respectively, we conclude that the bromide-
containing structure in the cubic phase will always mix.
We find that mixing of bromides in the orthorhombic
phase is not possible, because above the critical temper-
ature of TUCS = 288 K, the orthorhombic phase is no
9compound orthorhombic tetragonal cubic
MA (SnPb)I3 ε = −6.2 meV ε = −3.4 meV ε = −2.9 meV
- - -
MA (SnPb)Br3 ε = 8.3 meV ε = −3.8 meV ε = 1.6 meV
TUCS = 288 K - TUCS = 54 K
MA (SnPb)Cl3 ε = 12.2 meV ε = 2.1 meV ε = 5.4 meV
TUCS = 425 K TUCS = 72 K TUCS = 187 K
TABLE VII: Mixing parameter ε, see equation (2), and estimated upper critical solution temperatures TUCS of the mixed
Pb:Sn hybrid perovskites. Above TUCS , mixing is favorable due to the entropy contribution. A dash (-) indicates that mixing
is preferred at any temperature.
longer stable.
We estimate the critical temperature of the orthorhom-
bic chloride-containing structures to be TUCS = 425 K.
Since experiments confirmed that the orthorhombic
phase is no longer stable at that temperature for the
non-mixed chloride compounds, we predict that stochas-
tic mixing in the low temperature phase will not be ob-
served. In the tetragonal and the cubic phase, on the
other hand, the mixed structures can be stable, because
the critical temperatures of both phases lie below the
corresponding phase transition temperatures.
V. SUMMARY
We summarize our main results based on ab-initio
DFT calculations and extrapolations to non-zero tem-
peratures.
We found that geometric properties of the investigated
structures are influenced by two main factors: on the one
side chemical composition and on the other side tempera-
ture and temperature-driven phase transitions. The unit
cell volume increases with temperature, which is linked
to the mobility of the organic cation. The deforma-
tions of BX6 octahedra increase with increasing electro-
negativity of the halogen and are stronger for Sn than for
Pb. The crystallographic parameters of the mixed struc-
tures fall into the range spanned by the limiting cases of
the non-mixed Pb and Sn structures. The shapes of indi-
vidual BX6 octahedra slightly change in mixed arrange-
ments in order to preserve the corner-connected structure
in the presence of metal ions of different size.
The energy shifts within each halogen group are rel-
atively small in comparison to those of the compounds
with different halogens. In particular, there is no overlap
of the cohesive-energy ranges of compounds with differ-
ent halogens. Thus, the substitution of a halogen has the
biggest influence on the cohesive energy of a compound,
and the stability increases with increasing electronega-
tivity of the halogen.
With help of the Regular Solution Model (RSM), mix-
ing parameter ε and upper critical solution temperatures
TUCS were calculated, which then allowed to estimate
the conditions at which the compounds would mix. We
predict that it will be possible to create MA (Pb : Sn)I3
mixtures in all three structural phases. Our results also
imply that mixing is generally not energetically preferred
for the bromide and chloride containing structures, but
becomes possible due to the entropy contribution above
the calculated upper critical solution temperatures TUCS
for tetragonal and cubic phases. For the low-temperature
(orthorhombic) phase of bromide and chloride containing
structures, local clusters are more likely to form (if their
formation is not kinetically hindered). Thus, we conclude
that for temperatures at which photovoltaic solar cells
usually operate (room temperature and above), it would
indeed be possible to synthesize stable mixed compounds
with different Pb:Sn stoichiometries for all three halogen
groups.
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